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Abstract 
For reliable risk assessment of carbon dioxide capture and storage (CCS), it is very important to predict the behavior 
of migration of injected CO2 in relation with time and space under the environment of underground. Especially, it is 
important to estimate the amount of storage and leakage of injected CO2 by way of both experimental and simulation 
study. 
In this study, we conducted experimental study about flow behavior of supercritical CO2 and water in porous media. 
The experiment was conducted to optimize relative permeability curves in the process of CO2 injection, and it resulted 
that 1) water mobility was relatively high compared with that of CO2 when grain size was large and 2) relative 
permeability to CO2 became higher under the condition below critical point of CO2. In addition, we interpreted 
transport phenomena of CO2 after shutoff of CO2 injection that 1) liquid CO2 easily migrated into geological 
formation in the cases of small grain size and low temperature and 2) dissolved CO2 migration due to groundwater 
flow contributed to the change of CO2 distribution under the condition of high water saturation. 
Then we considered some scenarios of leakage around injection well and migration of CO2 through numerical study. 
We constructed a simple strata model, which is consisted from a reservoir layer, a cap rock layer and upper layer. To 
discuss the effect of reservoir depth, we set a couple of model strata: (a) upper limit of reservoir -800 m level, 
thickness of cap rock is 200 m, and (b) upper limit of reservoir is -200 m, thickness of cap rock is 100 m. In addition, 
we set four combinations of horizontal and vertical permeability for reservoir: (a) 500 mD, 100 mD, (b) 50 mD, 10 
mD, (c) 500 mD, 10 mD and (d) 50 mD, 100 mD. Porosity is uniformly set to 0.4. On the other hand, permeability 
value of upper layer is set to 1000 mD. The surface temperature is 20 deg.C and thermal gradient is 3 deg.C/100m. To 
analyze effect of fail in well casing and/or cementing, we defined a gap between the well casing and surrounding layer. 
The gap has thickness and different geological conditions with surrounding layers. For gap, we set various 
permeability and 2 scenarios of leakage: (a) crack covers cap rock level, (b) crack covers entire well depth from 
bottom to surface. The CO2 injection rate is 1 million ton/year and duration is 50 years. Using the constructed 
injection model, we carried out some simulation run using TOUGH2-CO2 by LANL. As the result we obtained the 
relation between injection volume and the amount of CO2 leakage through the gap model, and distribution of CO2 in 
the model layer. We considered the effect of each parameter on flow behavior of CO2 on gap model and quantified the 
amount of CO2 leakage. 
These results will be implemented to the risk assessment system GERAS-CO2 of AIST. 
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1. Introduction 
Both aspects of risk and benefit are very important in understanding the feasibility of CO2 geological storage at 
specified situation. Various types of benefits of geological carbon storage, compared with ocean and atmospheric 
discharge, can be easily understood in the scientific aspect of global environment and the economical aspect of CDM. 
However, the assessment of risks caused by carbon capture and storage (CCS) would be hardly undertaken, because of 
difficulties to determine the end points and parameters for estimating ecological and human risks. In order to achieve 
transparent risk governance for any stakeholders who are involved in CCS project, it is necessary to develop the 
general and/or common framework, enable to be fully communicated within any party of concern. 
It is supposed that the leakage of injected CO2 as the principal hazard due to the existence of fault occurs when CO2
storage in an aquifer is targeted. As shown in Figure 1, 7 types of scenario for migration and leakage of injected CO2
have been proposed in IPCC report [1]. A: CO2 gas pressure exceeds capillary pressure and passes through siltstone. 
B: Free CO2 leaks from A into upper aquifer up fault. C: CO2 escapes through ‘gap’ in cap rock into higher aquifer. D: 
injected CO2 migrates up dip, increases reservoir pressure and permeability of fault. E: CO2 escapes via poorly 
plugged old abandoned well. F: Natural flow dissolves CO2 at CO2 / water interface and transports it out of closure. G: 
Dissolved CO2 escapes to atmosphere or ocean. 
Figure 1. 7 types of scenario for migration and leakage of injected CO2 have been proposed in IPCC report [1]. 
Therefore it is very important to predict the migration of injected CO2 dependent on time and space under the 
environment of underground. The quantitative estimation for the amount of storage and leakage of injected CO2 is 
necessary for risk assessment of CCS through simulation study on the basis of the scenario of CO2 leakage considering 
the specific geological condition such as permeability, porosity and the existence of fault. 
In this study, we conducted experimental study on multi-phase flow behavior consisting of supercritical CO2 and 
water in porous media. Grain size was changed as an experimental parameter in order to consider the effect on 
permeability characteristics. Then, we constructed a simple strata model, which is consisted from a reservoir layer, a 
cap rock layer and upper layer. We set 2 scenarios of CO2 leakage around injected well such as (a) crack covers cap 
rock level, (b) crack covers entire well depth from bottom to surface. Through numerical simulation, we obtained the 
relation between injection volume and the amount of CO2 leakage around injection well, and distribution of CO2 in the 
model layer. 
2. Experimental observation for multi-phase flow behavior of supercritical CO2 and water in 
porous media 
2.1. Experimental apparatus 
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Figure 2 shows experimental apparatus for the evaluation of multi-phase flow behavior of supercritical CO2 and 
water in porous media. In this study, as a simulated aquifer of CCS site, we used sand column that three types of sand 
were packed into stainless steel vessel. The internal diameter of vessel is 50mm and the length is 200mm. The 
maximum pressure and temperature are 15 MPa and 50 deg.C, respectively. The vessel was vertically set up inside 
water bath, and temperature of bath was controlled at a given value by using water circulation system. Fluid was 
injected at the vessel’s top edge and produced at the bottom edge. Using plunger pump, water was directly injected 
into sand column. For the injection of CO2, we used the injection cylinder made of stainless steel. The internal volume 
of the cylinder is 1000 cm3, and the maximum pressure is 15 MPa. By controlling the cylinder temperature and 
injecting high-pressure water from the bottom edge of the cylinder, it is possible to inject liquid CO2 into column at a 
constant flow rate corresponding to the set value at the plunger pump. Differential pressure between inlet and outlet of 
column was measured by differential pressure transducer. Two types of backpressure regulator were used for 
improving the level of pressure control. The controlled pressure at the first regulator corresponds to experimental one. 
For measuring cumulative fluid discharge from sand column, weighting machine and gas meter were used respectively. 
1. Gas cylinder
2. Water pump
3. Pressure transducer
4. Cylinder for liquid CO2 injection
5. Circulation system of refrigerant
6. Stainless steel vessel
7. Differential pressure transducer
8. Water bath
9. Circulation system of hot water
10. Back pressure regulator
11. Vapor-liquid separator
12. Weighting machine
13. Gas meter
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Figure 2. Experimental apparatus for the evaluation of multi-phase flow behavior  
of supercritical CO2 and water in porous media. 
2.2.  Experimental procedure 
The series of experimental run were conducted by following the general procedure for analysis of multi-phase flow 
in porous media consisting of 1) displacement of wetting phase by injection of non-wetting one as drainage process 
and 2) displacement of non- wetting phase by injection of wetting one as imbibition process [2]. The surface of sand 
grain generally shows water-wet tendency, so CO2 is treated as non-wetting phase in CO2-water multi-phase flow 
conditions. 
Firstly, water whose volume corresponds to the pore volume was poured into the vessel, which was then filled up 
with sand at constant rate, using vibrator. Secondly, absolute permeability was measured by using water as injection 
fluid. After that pressure and temperature of sand column were adjusted to experimental ones. Then CO2 injection into 
sand column saturated with water was initiated. As previously mentioned, using plunger pump and injection cylinder, 
CO2 was injected at a constant mass flow rate. CO2 injection was continued until water discharge at outlet was not 
observed, and irreducible water saturation Swi was estimated from the volume of discharged water Vwp [m
3]. 


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
           (1) 
Here, A: cross sectional area of sand column [m2] (=1.9610-3), L: length of column [m] (=0.200), : porosity [-]. In 
addition, from the value of differential pressure at the end of CO2 injection Pend [Pa], relative permeability to CO2
krg
0 [-] associated with Swi was estimated by the following formula [2]. 
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Here, Qg: volumetric flow rate of CO2 at the outlet of column [m
3], g: viscosity of CO2 [Pa
s], K: absolute 
permeability [m2], Poutlet: experimental pressure controlled by back pressure regulator [Pa]. krg
0 is defined as the value 
of endpoint on relative permeability curves. 
After that, water injection was carried out to this sand column that pore space indicated irreducible water saturation 
condition. During water injection process as well as CO2 injection one, differential pressure and flow behaviors of 
CO2 and water were observed. 
Table1 shows the experimental conditions for each runs. In this study, in order to consider the effect of grain 
distribution on multi-phase flow behavior consisting of supercritical CO2 and water, we used three types of sand that 
had different grain diameter, Toyoura sand, No.7 Silica sand, No.8 Silica sand. Their principal component is SiO2, and 
the average sand grain diameter DA is 0.200 mm (Toyoura), 0.180 mm (No.7), 0.115 mm (No.8), respectively. 
Experimental pressure and temperature were set to 10 MPa and 50 deg.C that were higher than critical point of CO2
(7.38 MPa, 31.2 deg.C) in order to reproduce the certain supercritical conditions. Viscosity g and density g of CO2 at 
10 MPa and 50 deg.C are 0.028 Pa
s and 3.84103 kg/m3, respectively. Injection rate of CO2 was set to 4.3710-3
kg/min. This value is converted to the volumetric flow rate of 11.410-3 m3/min at 10 MPa and 50 deg.C. CO2
injection was continued for 70 min, so total injected volume corresponds to about 5 PV converting to pore volume. On 
the other hand, injection rate of water was set to 5.0010-6 m3/min. Water injection was also continued for 70 min. 
Total volume of injected water is converted to about 2 PV. 
Table 1 Experimental conditions for each run. 
Run No. 1 2 3
Used sand Toyoura sand No.7 silica sand No.8 silica sand
Temperature, C 50.00 50.00 50.00
Pressure, MPa 10.00 10.00 10.00
Absolute permeability K , m2 13.55 9.221 2.402
Porosity,  0.376 0.390 0.410
Mass flow rate of CO2, 10
-3 kg/min 4.369 4.369 4.369
Total volume of injected CO2, PV 5.324 5.133 4.878
Cumulative water production, 10-5 m3 11.97 10.81 9.088
Irreducible water saturation S wi 0.189 0.293 0.436
Flow rate of water, 10-6 m3/min 5.000 5.000 5.000
Total volume of injected water, PV 2.339 2.255 2.143
Cumulative gas production, 10-2 Sm3 1.595 1.628 1.420
CO2 injection : Drainage process
Water Injection : Imbibition process
2.3. Flow behavior of supercritical CO2 and water and change of differential pressure with time during CO2 injection 
process
Here, as one example of a series of behavior during CO2 injection process, we describe the result of Run3 that No.8 
silica sand was used as a sand column. Figure 3 shows flow behavior of supercritical CO2 and water and change of 
differential pressure with time during CO2 injection process in Run3. 
Water cut that was defined as the ratio of water in produced fluid was maintained 100 % just after the initiation of 
CO2 injection. Discharge rate of water at this moment is estimated as 9.3810-6 m3/min. On the basis of comparison 
with volumetric injection rate of CO2 (=11.410-5 m3/min), about 17.5 % of injected CO2 was estimated as the amount 
of dissolution into water phase. Then, when the total volume of injected CO2 reached to 0.565 PV, the front of injected 
CO2 arrived at the outlet of sand column and discharge of CO2 was initiated. Pore space at the initial stage was 
saturated with water, so high pressure gradient was necessary for discharge of water due to inflow of CO2. Differential 
pressure notably increased and maintained at higher level of about 10.5 kPa until the front of injected CO2 arrived at 
outlet of sand column. Then differential pressure exponentially decreased just after initiation of CO2 discharge. 
Relative permeability to water krw decreased as saturation condition in pore space approached to irreducible water 
saturation Swi due to progress of water discharge. As a result, movable fluid became almost only CO2, and differential 
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pressure was maintained at the constant value of 3.65 kPa with time. The total amount of water discharge at the final 
stage of CO2 injection was 90.910-5 m3, Swi was estimated as 0.436 using Eq.(1). In addition, on the basis of Eq.(2), 
we obtained 0.063 as the value of endpoint on relative permeability curves to CO2 krg
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Figure 3. Flow behavior of supercritical CO2 and water and change of differential pressure with time  
during CO2 injection process (Run3, No.8 silica sand). 
The same tendency for flow behavior and change of differential pressure during CO2 injection was also obtained for 
Run1 and 2. We obtained 0.031 (Toyoura) and 0.029 (No.7) as the value of krg
0. However it was recognized that Swi
considerably changed depending on sand grain diameter. Figure 4 shows dependence of sand grain diameter on Swi.
From this figure, as average sand grain diameter DA became larger, Swi decreased gradually. Swi changed from 0.189 to 
0.436 with DA. We supposed that this was due to 1) hydrophilic tendency in the rock matrix increasing and 2) 
enhancement of capillary effect as grain size decreased, and to water tending to flow relatively to CO2 in porous media 
under the high permeability condition. When Swi is smaller, the efficiency of CO2 storage in pore space heightens due 
to the increase of the amount of water discharge. 
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Figure 4. Dependence of sand grain diameter on irreducible water saturation Swi.
2.4.  Flow behavior of supercritical CO2 and water and change of differential pressure with time during water 
injection process 
Then, we describe the result of Run3 as one example of behavior during water injection as well as CO2 injection. 
Figure 5 shows flow behavior of supercritical CO2 and water and change of differential pressure with time during 
water injection in Run3. 
From this figure, flow behavior of fluid during water injection was contrast to the result as shown in Figure 3. 
Water cut was maintained at almost 0 % just after the initiation of water injection, and only CO2 was discharged from 
sand column. The discharge rate of CO2 was estimated as 4.9510-3 m3/min, and this value almost corresponds to that 
of water injection. When the total volume of injected water reached to 0.248 PV, the front of injected water arrived at 
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the outlet of column and discharge of water was initiated. At this moment discharge of movable liquid CO2 was almost 
completed, so saturation condition in pore space was regarded as almost residual CO2 saturation one. Subsequently 
discharge of dissolved CO2 in water phase due to water flow continued. On the other hand, differential pressure 
became higher gradually due to viscosity difference between CO2 and water as displacement of CO2 by injected water 
proceeded, and water flow in pore space became dominant. When the front of injected water arrived at outlet of sand 
column, the value of differential pressure indicated peak one of 3.95 kPa. After that, differential pressure decreased 
gradually because single phase flow condition that relative permeability to water krw became 1 was constructed in pore 
space from upstream zone of sand column due to the progress of dissolution of residual CO2 into water phase. The 
same tendency for flow behavior and change of differential pressure during water injection was also obtained for Run1 
and 2. 
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Figure 5. Flow behavior of supercritical CO2 and water and change of differential pressure with time  
during water injection process (Run 3, No.8 silica sand). 
3. Numerical study on flow behavior of CO2 around injected well 
3.1.  Governing equation 
Mass conservation equations of CO2 and water flow in porous media are expressed as follows. These equations are 
general as a numerical model for multi-phase flow in porous media. Depending on the conditions of pressure and 
temperature, the following phase changes of injected CO2 occur; 1) from liquid CO2 to supercritical CO2, 2) from 
supercritical CO2 to liquid CO2, 3) from liquid CO2 to gaseous CO2 and 4) from gaseous CO2 to liquid CO2. In 
addition, part of injected CO2 dissolves into water phase depending on its solubility. The migration of dissolved CO2
occurs due to water flow as one component in water phase. 
Liquid CO2 (Supercritical CO2);
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Gaseous CO2;
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Dissolved CO2 into water phase; 
      
t
Sx
qqxSxD
Kk
x wwdcowpwidcowwdcodcoww
w
rw
dco 


	










2
2222
    (6) 
Here, K: Absolute permeability [m2], kr: relative permeability [-], : molar density [mol/m3], : viscosity [Pa
s], :
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flow potential [Pa], : porosity, S: saturation [-], x: concentration of dissolve CO2 [-] and D: diffusion coefficient of 
dissolve CO2 [-]. Subscripts lco2, w, gco2 and dco2 represent liquid CO2, water, gaseous CO2 and dissolved CO2.
3.2. Aquifer model for numerical simulation and calculation conditions 
As shown in Figure 6, we constructed a simple strata model, which is consisted from a reservoir layer, a cap rock 
layer and upper layer. To discuss the effect of reservoir depth, we set a couple of model strata: (a) upper limit of 
reservoir -800 m level, thickness of cap rock is 200 m, and (b) upper limit of reservoir is -200 m, thickness of cap rock 
is 100 m. 
0.3m 1cell 10000m (120cell)
Boundary condition at surface
Temperature: 20 deg.C
Pressure: atmosphere pressure (=0.1MPa)
Initial condition
Temperature gradient: 3deg.C/100m
Pressure: Hydrostatic pressure
Boundary condition of side surface
Aquifer: Closed boundary
Cap rock layer: Closed boundary
Reservoir: Constant pressure
Boundary condition at bottom of reservoir: 
Closed boundary
Cap rock layer
Aquifer 600m=50m12layer
200m=50m4layer
1000m 1layerReservoir
Injection w
ell
Disturbing zone simulated a 
gap between the well casing 
and surrounding layer
Interval of CO2 injection
Figure 6. Aquifer model for numerical simulation. 
Table 2 shows calculation conditions. We set four combinations of horizontal and vertical permeability for reservoir: 
(a) 500 mD, 100 mD, (b) 50 mD, 10 mD, (c) 500 mD, 10 mD and (d) 50 mD, 100 mD. Porosity is uniformly set to 0.4. 
On the other hand, permeability value of upper layer is set to 1000 mD. The surface temperature is 20 deg.C and 
thermal gradient is 3 deg.C/100m. To analyze effect of fail in well casing and/or cementing, we defined a gap between 
the well casing and surrounding layer. The gap has thickness and different geological conditions with surrounding 
layers. For gap, we set various permeability and 2 scenarios of leakage: (a) crack covers cap rock level, (b) crack 
covers entire well depth from bottom to surface. The CO2 injection rate is 1 million ton/year and duration is 50 years. 
Table 2 Calculation conditions. 
Thickness of aquifer Thickness of cap rock layer
A 600m 200m
B 200m 100m
A
B
Horizontal direction Vertical direction
A 500mD 100mD
B 50mD 10mD
C 500mD 10mD
D 50mD 100mD
Horizontal direction Vertical direction
A
B
C
Calculation for period of CO2 injection
Calculation for period after CO2 injection
Symbol 1
Symbol 2
Permeability of reservoir
Symbol 3
Disturbing zone is located at cap rock layer.
Disturbing zone is located from top of reservoir to surface.
with injection
after injection
Symbol 5
Permeability of disturbing zone
0.344D
3.44D
34.4D
Symbol 4
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Using the constructed injection model, we carried out some simulation run using TOUGH2-CO2 by LANL. As the 
result we obtained the relation between injection volume and the amount of CO2 leakage through the gap model, and 
distribution of CO2 in the model layer. We considered the effect of each parameter on flow behaviour of CO2 on gap 
model and quantified the amount of CO2 leakage. 
3.3. Calculation results 
Figure 7 shows distribution of CO2 saturation and ratio of gas-liquid in reservoir with time as an example of 
calculation results. In this case, thicknesses of aquifer and cap rock layer were set to 600 m and 200m, respectively. 
Disturbing zone simulated a gap between the well casing and surrounding layer was located from top of reservoir to 
surface and permeability of this zone was set to 0.344 D. Permeability of reservoir was set to horizontal: 500 mD and 
vertical: 100 mD, respectively. From this figure, concentration of dissolved CO2 around injection well was relatively 
higher and gaseous CO2 migrated to upper layer during CO2 injection period. After CO2 injection, rainwater 
permeated from surface. As a result CO2 diffused into horizontal direction along top surface of cap rock. Permeability 
of reservoir in vertical direction has large effect on CO2 distribution in reservoir. 
 
.
Figure 7. Distribution of CO2 saturation (left) and ratio of gas-liquid (right) in reservoir with time 
(top: 2.7 years, middle: 17.5 years, bottom: 50years) 
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Figure 8 shows Cumulative ratio of injected CO2 versus CO2 leakage with time. From this figure, it was found that 
CO2 leakage occurred at CO2 injection period until 50 years. When thickness of aquifer and permeability of reservoir 
were respectively set to 600 m and 10 mD (case A-B- and case A-C-), CO2 leakage continued for 50 years after CO2
injection. In this case, the final cumulative ratio of injected CO2 versus CO2 leakage was about 55 %, this value was 
relatively small compared with other cases. 
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Figure 8. Cumulative ratio of injected CO2 versus CO2 leakage with time. 
4. Conclusion
In this study, we conducted experimental study on multi-phase flow behavior consisting of supercritical CO2 and 
water in porous media. Then, through numerical simulation, we obtained the relation between injection volume and 
the amount of CO2 leakage around injection well, and distribution of CO2 in the model layer. Conclusions are 
summarized as follows.  
From experimental observation, it was found that water mobility was relatively high compared with that of CO2
when grain size was large and relative permeability to CO2 became higher under the condition below critical point of 
CO2. We interpreted transport phenomena of CO2 after shutoff of CO2 injection that 1) liquid CO2 easily migrated into 
geological formation in the cases of small grain size and low temperature and 2) dissolved CO2 migration due to 
groundwater flow contributed to the change of CO2 distribution under the condition of high water saturation. 
Through numerical simulation for flow behavior of CO2 around injected well, we considered the effect of each 
parameter on flow behavior of CO2 on gap model and quantified the amount of CO2 leakage. 
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